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Abstract 

Negative-ion implantation is a promising technique for charging-free implantation for the forthcoming ULSI fabrication, 
in which the wafer charging by positive-ion implantation will become a troublesome problem even with an electron shower. 
The negative-ion implantation technique remarkably ameliorates such a charging problem since the incoming negative 
charge of implanted negative ions is easily balanced by the outgoing negative charge of a part of secondary electrons. Thus, 
the surface charging voltage is maintained to within about + 10 V for isolated conducting materials and insulators, and is 
free from space and time fluctuations. A high-current negative-ion source and a medium current negative-ion implanter 
developed for this technique are described with the design concepts. In addition, the fundamental measurements of 
interactions between the negative-ion beam and the gas/solid are also described. 




1. Introduction 

It has long been believed that positive ions are more 
easily produced in comparison with negative ions and that 
the effects of negative ions on a solid surface are almost 
the same as those of positive ions. Thus, positive ions kave 
been used in the conventional ion implantation technique. 
Recent progress in negative-ion technology for materials 
science [1-3], however, has attracted a great deal of 
attention with the discovery of new phenomena in nega- 
tive-ion beam/solid surface interaction, as well as the 
development of high current heavy negative-ion sources. 
Especially when negative ions are t<sed ir. ion implantation 
into insulated materials, the surface charging voltage is 
found to be quite low [2,3]. Therefore, negative-ion im- 
plantation is expected to be a promising technique as a 
charging-free ion implantation method for the forthcoming 
ULSI (more than 256 Mbits) fabrication processes. 

For industrial application of negative-ion implantation, 
an RF-plasma-sputter-type heavy negative-ion source [4,5] 
and a medium current negative-ion implanter have been 
developed, based on the measurements of negative-ion 
production probabilities [6-8] and electron detachment 
cross-sections [9,10]. In addition, fundamental phenomena 
related to negative-ion implantation, such as secondary 
electron emission factors [1], implanted depth profiles of 



* Corresponding author. Tel. +81 75 753 5325, rax +81 75 
751 0297. 



negative ions [1,11], charging due to negative-ion implan- 
tation [2,3,12] etc., have been revealed. 



2. Production and electron detachment of negative tons 

2.1. Negative-ion production probability [6-8] 

Heavy negative-ion production by sputtering a solid 
surface with a low work function, i.e., secondary negative- 
ion emission by sputtering, is quite effective. When a 
sputtered atom leaves a metal surface, the atom can easily 
obtain an electron for its electron affinity level from the 
surface, due to a lowering and broadening effect of the 
affinity level. The negative-ion production probabilities 
were measured for various kinds of heavy elements when a 
cesiated solid surface was sputtered by xenon ions [6-8]. 
The maximum production probabilities for typical heavy 
elements are listed in Table 1, and they show high values 
of about 10%. The probability can be expressed by the 
following semi-empirical equation [8]. 

2 r <t> 1 

p-^--^[- 2aoDCOse/lt+kT J 0) 

Oo = 2.0xl0- S [eVs/m], 

AI^- 0.073 + 2.0 X 10 -3 M [eV], (2) 

where a 0 is the decaying factor and T eff is the local 
effective temperature of the surface on ion bombardment, 
v and 0 are the ejecting velocity and angle, respectively, 
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Table 1 

Maximum negative-ion production probabilities due to secondary 
negative-ion emission by sputtering 



Cu Ge W 



15.6 12.1 13.6 8.1 



of the sputtered particle from the surface, <f> mia is the 
minimum work function of the surface, and E a and M are 
the electron affinity and atomic mass number of the sput- 
tered particles, respectively. 

Therefore, secondary negative-ion emission by sputter- 
ing can be used as an ion-production mechanism of high 
current heavy negative-ions [4,5,13-16]. 

2.2. Electron detachment cross-sections [9,10] 

A negative ion easily rsleases an attached electron and 
becomes a neutral atom when colliding with gas particles. 
The survival negative-ion current, I(n 0 L\ after passing 
through a distance L with a gas density of n 0 , is estimated 
from single- and double-electron detachment cross-sec- 
tions (cr_ i0 and <r_ ,,), as shown below: 

/(« 0 /> =/ 0 exp[-(o-_ 10 + <r- u )n 0 L]. (3) 

When a plasma-sputter type heavy negative-ion source 
is used, the residual gas in the ion beam transport region is 
mainly xenon. The single- and double-electron detachment 
cross-sections for various kinds of negative ions, using a 
xenon gas target, were mear i'rert f9.10] as shown in Fig. 1 . 
la the ion energy tange of 5-40 kcV, o-_ iit is almost 
constant in the order of 10 -15 cm 2 , while <r_ u ranges 
between 10 -17 -10~ 16 cm 2 . Thus, the residual xenon gas 
pressure in the negative-ion beam transport region (assum- 
ing a distance of several meters) should be lower than 
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Fig. 1. Single- and double-electron detachment cross-sections for 
various kinds of negative ions using a xenon gas target. 




Fig. 2. Schematic diagram of an RF-plasma-sputter-type heavy 
negative ion source. 



10 6 Torr in order to obtain a survival negative-ion 
current of more than 90%. 



3. Negative-ion source and negative-ion implanter 

3.1. DC high current heavy negative-ion source [4,5] 



In ordei to obtain DC high-current i 
secondary negative-ion emission by plasma-sputtering of a 
cesiated target surface, the following conditions are re- 
quired: a large sputtering target surface, uniform sputtering 
by plasma ions, a precise cesium supply to the sputtering 
target, temperature control of the sputtering target, and a 
low gas pressure discharge. 

Based on these concepts, an RF-plasma-sputter-type 
heavy negative-ion source [4,5] was developed as shown in 
Fig. 2, which can deliver up to 10 mA of various kinds of 
negative-ion beams. A dense plasma in the order of 10" 
cm -3 , is generated by an RF (13.56 MHz) discharge with 
an RF coil at a relatively low xenon gas pressure in the 
order of 10" 4 Torr. The source had a sputtering target 
whose diameter was 42 mm. The maximum DC negative- 



Table 2 

Maximum negative-ion currents extracted from the RF-plasma- 
sputter-type heavy negative-ion source 



Ion current [mA] 1.0 
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medium current negative-ion 



ion currents measured just after the extraction electrode 
were in the order of milliamperes and are listed in Table 2. 
These are considered to be sufficient for negative-ion 
implantation into semiconductors. 



3.2. Negative-ion 

A medium current negative-ion implanter is now being 
developed so thet a miliiampere order of negative-ion 
current can be accelerated up to an energy of more than 
100 keV. The schem itic configuration of a newly designed 
negative-ion implanter is shown in Fig. 3. The implanter 
consists of a negative-ion source (in the second high-vvlt- 
age terminal), an analyzing magnet with a bending angle 
of 90° (in the first high-voltage terminal), an acceleration 



column for acceleration of more than 100 kV, and an 
implantation chamber. The negative-ion source is a newly 
designed and small version of an RF-plasma-sputter-type 
heavy negative-ion source with a sputtering target of 20 
mm in diameter and an erit aperture of 5 mm in diameter. 
Fig. 4 shows a photograph oi the source mounted iu the 
high-voltage terminal of ihe implanter. As for **c — 
pumping system, 6- and 4-in. oil diffusion pumps ore 
for the evacuation of the ion source and beae: transport 
regions, respectively, and a 6-in. turbo molecular pump is 
used in the target chamber region. The background ancf 
operating (with xenon gas flow of 0.03 ccm) gas pressures 
are less than 1 X 10~ A and 3 X 10~ 6 Torr, respectively. In 
a preliminary experiment, Cu~ of 0.1 mA was obtained at 
the implantation chamber at an ion-beam energy of 10 
keV, where the operating conditions were as follows; 
8.3 X 10 -5 Torr of Xe gas at the plasma region, 100 W of 
input RF power, 400 V of sputtering voltage and 12 mA of 
target current, and 260°C of Cs oven temperature. Tht 
implanter has now been tested to obtain the optimum 
operational conditions. 



4. Negative-ion imptar 



4.1. Secondary-electron-emission factor induced by nega- 
tive-ion bombardment 

A negative-ion beam is considered to induce more 
secondary electrons than a positive-ion beam, since a 
negative ion easily releases an attached electron on bom- 




Fig. 4. Photograph of the negative-ion source 
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MOMENTUM mv (x 10" 20 kg m/s ) 



Fig. 5. Secondary-electron-emission factors as a function of the 
ion momentum of carbon and boron negative-ion beams when 
bombarding a siiicon substrate. 



bardment. Fig. 5 shows the secondary-electron-emission 
factory y~ as a function of ion momentum for carbon fl] 
and boron negative-ion beams when negative ions bom- 
bard a silicon substrate at a residual gas pressure in the 
order of 10~ 6 Torr. The value of y~ should consist of two 
terms: a constant term due to the c 
electron attached to a negative ion a 
term due to kinetic e 



4.2. Depth profile of negative-ion implantation into insula- 
tors 

Fig. 6 shows the depth profile of implanted carbon 
atoms by C~ implantation into a Si0 2 substrate at an 
energy of 20 keV with a dose of 1 X 10 16 ions/cm 2 , 
which was quantitative^ analysed by SIMS. The measured 
depth profile coincides well with a theoretical curve calcu- 
lated by the LSS theory, although in conventional positive- 
lepth profile of u 
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Fig. 6. Depth profile of implanted carbon atoms by C" implanta- 
tion into Si0 2 substrate at an energy of 20 keV and a dose of 
1 X 10' 6 ions/cm 2 . The profile was quantitatively measured by 
SIMS. Cs atom signals are at a noise level. 



sometimes quite different from an expected one, dae to 
charging of the implanted insulators. 

In addition, cesium atoms were not detected in the 
implanted layer (noise level by SIMS) as shown in Fig. 6, 
although cesium vapor was used in the negative-ion source. 

4.3. Surface charging voltage of insulated materials by 
negative-ion it 



In the LSI fabrication processes, ion implantation into 
isolated conductive materials (such as poly-silicon and Al 
electrode) and insulators (such as Si0 2 and photoresist 
layer), is indispensable. Charging problems on these mate- 
rial surfaces by conventional positive-ion implantation have 
become extremely severe, even with an electron shower as 
the design becomes smaller and smaller [17,18]. 



4.3.1. Negative-ion implantation h 
materials 12,3,12] 

When negative ions are implanted into an isolated 
conducting material, the surface charging voltage is deter- 
mined by the balance of incoming negative charge due to 
negative ions, and outgoing negative charge due to a part 
of secondary electrons. The outgoing charge is the high 
energy part of the secondary-electron energy distribution, 
which has a higher energy than the surface charging 
voltage. Therefore, the surface charging voltage is in- 
creased with an increase in the secondary-electron emis- 
sion factor since the relative shape of secondary-electron 
energy distribution is not strongly dependent on parame- 
ters such as ion energy and ion species for the same 
materia'. 

Fig. 7 sho vs an example of the surface charging volt- 
age of isolated Si substrate (Si substrate on a 1.1 mm thick 
non-alkaline glass plate) as a function of the ion energy by 
carbon negative-ion implantation. The surface charging 
voltage was measured with a high-impedance voltmeter 
and was a saturated value. The surface charging voltage by 
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Kg. 7. Surface charging voltage of isolated Si substrate as a 
function of the ion energy by carbon negative-ion implantation. A 
theoretically calculated curve is also indicated. 
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Pig. 8. Surface charging voltages of isolated Si s 
negative-ion implantation for various negative ions, a 
of the ion energy. 



negalive-ion implantation was quite low (within several 
volts), and gradually increased with the ion energy, due to 
the ion energy dependence of the secondary-electron-emis- 
sion factor. Assuming that an energy distribution function 
of the secondary-electron emission is expressed by f(.E) = 
4£pE/(£ + 2£ p ) 3 (£ p = 0.34 eV) and applying the mea- 
sured secondary-electron-emission factors, an expected 
charging voltage can be theoretically calculated from the 
above mentioned charge balance. In Fig. 7. ;hs calculated 
curve is also indicted by a line, which coincides well with 
the experimental values. This charge balance on the con- 
ducting material surface occurred at the same area and at 
the same time as negative-ion bombardment, thus the 
surface charging voltage is free from space and time 
fluctuations. 

' Fig. 8 shows the surface charging voltage of isolated Si 
substrate by negative-ion implantation for various negative 
ions as a function of the ica energy. Although these 
charging voltages vary slightly among negative-ion species, 
depending on the value of their secondary-electron-emis- 
sion factors, they axe within several volts. 

Fig. 9 shows the dependence of the surface charging 
voltage of isolated Si substrate upon the negative-ion 
current density (beam size of 10 mm in diameter) at an 
implantation ion-energy of 15 keV under a high vacuum 
condition and a relatively high xenon gas pressure (10 ~ 4 
Torr order) condition. Under the high vacuum condition, 
the surface charging voltage showed a positi ve low value 
of about 2 V in a current density range below 10 u,A/cm 2 . 
However, it decreased and became negative with an in- 
crease in the current density above 10 jxA/cm 2 . This is 
because a beam potential of negative-ions cause? a de- 
crease in the surface charging voltage, since the surface 
charging voltage can be controlled by adjusting the elec- 
trode voltage just in front of the surface [2]. On the 
contrary, under the relatively high gas pressure condition, 
the surface charging voltage was nearly 0 V even at a higfc 
current density of the order of mA/cm 2 , since the beam 
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Fig. 9. Dependence of surface charging voltage of isolated Si 
substrate on the negative-ion current density at an implantation 
ion energy of 15 keV under a high vacuum condition (o) and a 
relatively high xenon gas pressure (I0 _J Torr order) condition 
(•). 



potential effect would be weakened due to charge neutral- 
ization of the negative-ion beam. 



4.3.2. Negative-ion implantation into insulators 

Surface charging voltage of insulators by negative-ion 
implantation can be evaluated by measuring an energy 
distribution of secondary electrons emitted from the sur- 
face [21 since the peak of the energy distribution is shifted 
according to the voltage difference between the surface 
and ground voltages. Fig. 10 shows the energy distribu- 
tions of secondary electrons from the surface of photoresist 
(OFPR-800:100 run on Si substrate), where the distribu- 
tion peak from an Al plate at the ground voltage is 
indicated by an arrow as a reference. Each distribution 
peak from the photoresist surface was shifted to the high 
energy side by several eV compared with that of the 
grounded Al plate. Therefore, the surface charging voltage 




ELECTRON ENERGY (eV) 
Fig. 10. Secondary-electron energy distribution from the surface 
of photoresist (OFPR-800) as a parameter of the ion energy of 
carbon negative-ion implantation. As a reference, the distribution 
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Fig. 11. Surface charging voltage of fused quartz (Si0 2 ) and 
photoresist (OFRP-800) as a function of the ion energy by carbon 
negativc-ion implantation. 

of insulators is considered to be negative by several volts, 
the polarity being opposite to that of the isolated conduct- 
ing materials. The reason for this is not well understood at 
present. Fig. 11 shows the surface charging voltage of 
insulators (fused quartz and photoresist) by carbon nega- 
tive-ion implantation as a function of the ion energy. The 
surface charging voltage of typical insulators by negative- 
ion implantation, is within — 10 eV. 



5. Couch; * Sng remarks 

Since the RF-plasma-sputter-type heavy negative-ion 
source delivers DC milliamperes class of heavy negative- 
ion currents; a medium current negative-ion implanier 
could be nominated as actual surface processing apparatus. 
The characteristics of surface charging of isolated conduct- 
ing materials and insulators are advantageous for the forth- 
coming ULSI fabrication processes, because their surface 
charging voltages are very low, within ± 10 V so that no 
breakdown would take place even in extremely thin film 
insulators of ULSI. In addition, as a whole system, the 



negative-ion implanter, which need not have any charge 
neutralize^ is simpler and more economical than conven- 
tional positive-ion implanters. Therefore, negative-ion im- 
plantation is a promising technique in the future technol- 
ogy- 
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